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Increasing anthropogenic pressures are causing long-lasting regime shifts from high-
diversity ecosystems to low-diversity ones. In the Mediterranean Sea, large expanses of
rocky subtidal habitats characterized by high diversity have been completely degraded
to the barren state due to the high grazing pressure exerted by sea urchins, which
could persist for a long time. In several areas of the world, removal of sea urchins has
been found to have a positive effect on the recovery of overexploited subtidal rocky
habitats. This study assessed, for the first time in the Mediterranean Sea, the effects of
extensive sea urchin culling on the recovery of subtidal reefs from the barren state. We
tested this approach within a Marine Protected Area where a combination of oligotrophic
conditions, general depletion of fish stocks, dramatically high sea urchin densities, and
the large expanses of barren grounds caused by date mussel fishery have hampered
the natural recovery of shallow rocky reefs. Culling intervention (through hammering)
was carried out in spring 2015, covering an area of 1.2 hectares at about 5 m depth.
The effects of sea urchin removal were monitored at regular intervals for a time span
of 3 years and were compared with two control sites adjacent to the culling area.
We documented a progressive reduction in the extent of barren grounds in the fully
protected area after the intervention. Also, very low re-colonization of sea urchins was
observed during the experiment, so that no additional extensive culling was necessary.
Our findings suggested sea urchin culling as a promising practice, also considering
the limited costs of the intervention. However, since the reduction in extent of barren
grounds was largely driven by turf-forming algae, caution is needed in the interpretation
of the outcomes in terms of restoration, and results are discussed considering the
factors involved in the observed shift and the synergies to be carried out for a full
recovery of the system.
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INTRODUCTION

Habitat degradation, fragmentation, and loss are among the
most dramatic consequences of the escalating anthropogenic
pressures on natural systems (Tittensor et al., 2014; Haddad
et al., 2015; Steffen et al., 2015) and usually imply significant
changes in biodiversity and ecosystem functioning (Pereira
et al., 2010; Bartlett et al., 2016). Global analyses showed
unprecedented rates of decline at all levels of biological diversity
(Butchart et al., 2010). Exacerbated by multiple and synergistic
effects of climate change (Bozec and Mumby, 2015), human
impacts are increasingly compromising the capacity of marine
ecosystems to absorb recurrent perturbations (Nystrom et al.,
2000; Gundersen and Pritchard, 2002; Folke et al., 2004), thus
limiting the potential for natural recovery (Scheffer et al., 2001;
Lotze et al., 2011). The ultimate result of this process is a
substantial transition of ecological systems into less productive
or otherwise undesired states that are often difficult to reverse,
called regime (or phase) shifts (Scheffer et al., 2001; deYoung
et al., 2008; Rocha et al., 2015). A continuing increase in these
phenomena has been observed in marine ecosystems worldwide
(Levin and Möllmann, 2015).

On temperate rocky reefs, one of the most frequent and
persistent regime shifts is the transition from macroalgal-
dominated habitats to barren grounds as a result of sea
urchin overgrazing (Silliman et al., 2013; Steneck and Johnson,
2013; Filbee-Dexter and Scheibling, 2014; Ling et al., 2015).
Anthropogenic stressors may play a crucial role in triggering and
maintaining this shift by eroding the resilience of macroalgal beds
while increasing the persistence of sea urchin barrens (Ling et al.,
2015). For instance, the depletion of populations of sea urchin
predators caused by overfishing has been invoked as the main
driver leading to kelp bed collapse in different regions of the
world [e.g., Hagen and Mann, 1992 (Canada); McClanahan, 2000
(Africa); Shears and Babcock, 2003 (New Zealand); Ling et al.,
2009 (Australia); Watson and Estes, 2011 (Alaska)].

In the Mediterranean Sea, Paracentrotus lividus (Lamarck)
and Arbacia lixula (L.) are the most common sea urchins
inhabiting shallow hard bottoms (Bulleri et al., 1999;
Boudouresque and Verlaque, 2001) and are of paramount
importance in ecological processes leading to the shift from
habitats characterized by well-structured macroalgal canopies
(e.g., dominated by Cystoseira species) to less complex barren
grounds dominated by encrusting coralline algae (Bulleri et al.,
2002; Bonaviri et al., 2011; Agnetta et al., 2015). Although
many processes underlie the population dynamics of these
two species (Hereu et al., 2012 and reference therein), reduced
top-down control of their populations due to overfishing of
their predators has been demonstrated to play a crucial role
in determining the establishment of the degraded alternative
state in sublittoral rocky reefs (Micheli et al., 2005; Guidetti
and Sala, 2007; Hereu et al., 2008; Sala et al., 2012; Cardona
et al., 2013). However, given the hysteretic behavior of subtidal
macroalgal systems (Filbee-Dexter and Scheibling, 2014; Ling
et al., 2015), barren-state conditions may persist for years despite
the establishment of mitigation strategies [e.g., Marine Protected
Areas (MPAs)] aimed at the recovery of adult sea urchin

predators (Pinnegar et al., 2000; Babcock et al., 2010; Galasso
et al., 2015). Understanding whether alternative management
actions could be implemented in marine coastal systems to face
this widespread phenomenon should be a priority.

Based on evidence for the positive effects of reducing sea
urchin density on the recovery of overexploited subtidal rocky
habitats (reviewed by Ling et al., 2015), the practice of systematic
sea urchin culling on “incipient barrens” (i.e., spatially discrete
areas <10 m2) has been applied in some areas of the world,
specifically for kelp restoration (e.g., Bernstein and Welsford,
1982; Leinaas and Christie, 1996; Sanderson et al., 2015; Tracey
et al., 2015). This action can also represent an opportunity for
the development of a sustainable economy (e.g., https://www.
urchinomics.com) since sea urchins are considered a consumable
fishery resource worldwide (Andrew et al., 2002; Grisolía et al.,
2012; Fernández-Boán et al., 2014; Bertocci et al., 2018).

The present study represents the first attempt in the
Mediterranean Sea to perform systematic large-scale sea urchin
culling on “extensive barrens” (sensu Ling et al., 2015), i.e., over
a scale of thousands of square meters of continuous bare rock.
The restoration activity, developed within the framework of the
EU H2020 project “Marine Ecosystem Restoration in Changing
European Seas,”1 is the scale-up of a pilot study carried out in the
same area (Guarnieri et al., 2014), where the role of sea urchin
removal in triggering the process of recovery of persistent barren
grounds was highlighted at small spatial scale (tens of meters).
The aim of this study was to assess: (1) The effectiveness of
a large-scale culling intervention in maintaining the reduction
of herbivore pressure on disturbed benthic assemblages; (2)
The direction and time frame of the recovery of assemblages
in barren grounds.

MATERIALS AND METHODS

Study Area
The study was carried out in the South West of Apulia (Italy)
within the MPA of Porto Cesareo (Figure 1A), one of the largest
Italian marine reserves (16654 ha). The coast is almost entirely
characterized by a gently sloping calcareous rocky plateau that
drops onto a sandbank starting from the isobath of 10 m depth.
Large expanses of subtidal rocky reefs in the MPA and beyond
its boundaries have historically been depleted by illegal date
mussel (i.e., Lithophaga lithophaga) fishery (Fanelli et al., 1994;
Fraschetti et al., 2001; Guidetti et al., 2003), as occurred in
other areas of the Mediterranean Sea (Devescovi et al., 2005;
Bevilacqua et al., 2006; Guidetti and Dulčić, 2007; Parravicini
et al., 2010; Giakoumi et al., 2012). This fishing practice has been
demonstrated to have a crucial role in triggering the process
leading to seascape desertification (Airoldi and Beck, 2007).
Recent studies highlighted that the effects of this destructive
fishery (forbidden since 1988) on the shallow rocky sublittoral
are clearly evident for many kilometers along the coast and, in
spite of the establishment of the MPA in 1997, no significant
signs of recovery have yet been observed. Here, the main factor

1www.merces-project.eu
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FIGURE 1 | (A) Study area and (B) timeline of the restoration intervention.

contributing to the inertia of the barren state is a combination of
oligotrophic waters (Philippart et al., 2012), a general depletion
of fish stocks (Guidetti et al., 2008; Giakoumi et al., 2017), and a
dramatically high density (≈ 20 individuals m−2) of sea urchins
A. lixula and P. lividus (Guidetti et al., 2003), which are also prone
to settle and/or recruit on reefs heavily impacted by date mussel
fishery (Guidetti, 2011; Agnetta et al., 2013).

Based on preliminary surveys carried out along the 32
kilometers of rocky shore included in the MPA, we focused sea
urchin culling within the no-take/no-access zone named “La
Stream” (40◦14′35′′N – 17◦54′07′′E, Figure 1A) representing
the area with the worst conditions in terms of desertification,
with more than 60% of the plateau featuring barren grounds
(Guarnieri et al., 2016). Our choice ensured, at the same time,
the exclusion of any interference with the experiment due to
human frequentation. Except for sparse patches colonized by the
sponge Chondrilla nucula (covering just a few square meters) and
some macroalgae (e.g., Dictyota spp., Halimeda tuna, Amphiroa
rigida, and Padina pavonica), the barren grounds characterizing
the study area were largely represented by bare rock dominated
by encrusting coralline algae of the genera Peyssonnelia and
Lithophyllum (Guidetti, 2011; Guarnieri et al., 2016).

A preliminary survey in the study area allowed the
identification of two sites at 5–7 m depth (hereafter indicated
as “G–”) that were comparable in terms of extent (i.e., 6000 m2

each), low substrate morphological complexity (i.e., absence of
ridges and depressions), and inclination (<20%). Two control
sites with similar conditions and extent (hereafter reported as
“G+”) were also included in the experiment (Figure 1A). This
allowed the expected changes in the recovery rates caused by sea
urchin removal to be separated from those potentially occurring
during the time span of the intervention (i.e., 3 years) as a
consequence of external long-term processes, such as natural
fluctuations in grazer population demography and/or in patterns
of distribution of benthic assemblages.

Culling and Monitoring Activities
The experimental intervention started in spring 2015. Sea urchins
have a good dispersal distance (Paterno et al., 2017) and are thus
able to colonize culled sites from adjacent areas. It was decided
to perform culling before the typical reproductive periods in the
study area (from spring to autumn) (Tenuzzo et al., 2012) to
reduce larval supply from resident individuals. The systematic
removal of sea urchins covered a total area of approximately 1.2
hectares. It was carried out in two sites with a linear extent of
approximately 200 m, and it was achieved by means of a belt
transect method in which transect lines (≈ 33 culling transects for
each site) were laid perpendicular to the coast following the 210◦
course of a compass across the plateau (≈ 5 m depth) until its
edge (transect length ≈ 30 m). Divers positioned themselves on
one side of the line and advanced in parallel, creating a “cleaning
front” so that approximately 3 m from both sides of the lead core
rope along that path remained free of sea urchins. Divers worked
in parallel during 8 days of activity until the entire experimental
sites (G–) were cleaned. All visible individuals were culled using
hammers; a knife was employed to remove them from crevices.
The experiment was carried out in accordance with the European
Committee Council Directive (86/609/EEC) and Italian animal
welfare legislation (D.L. 116/92). Species manipulated in this
study are not critically endangered species, and according to
Italian (D.L.vo 26/2014) and EU (Directive 63/2010) legislation
on the care and use of experimental animals, the activity does
not require approval by an animal ethics committee if carried out
on-site. Moreover, the Porto Cesareo MPA Authority issued all
permits needed for performing the fieldwork.

For each diver engaged in the activity, the number of
sea urchins removed and the time spent was also recorded
in order to provide useful information about the feasibility
of the intervention. A total amount of ≈ 92500 sea urchins
were removed during the 8 days spent in the culling activities
(Supplementary Table S1A) carried out at both sites. The
number of divers per day who were engaged in the culling activity
varied from a minimum of 5 up to 8 per day, each of them
spending approximately 90 min underwater. A total of 84 h was
devoted to the intervention, which corresponds to an average
culling rate of 18.38 ± 0.41 urchins min−1 per diver. Regarding
the sea urchins, A. lixula dominated on bare rocks, whereas both
species co-occurred on sparse and small patches featuring the
presence of C. nucula and macroalgae. The observed segregation
was probably due to the high-energy hydrodynamic regime in
the study area, which has been demonstrated to favor A. lixula,
due to its higher resistance to dislodgment compared to P. lividus
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(Bulleri et al., 1999; Guidetti and Mori, 2005; Agnetta et al.,
2013). This pattern further supports the results of other studies
stressing the ability of A. lixula to maintain the barren state in
the Mediterranean Sea (Bulleri et al., 2002; Privitera et al., 2008;
Bonaviri et al., 2011; Bulleri, 2013; Piazzi and Ceccherelli, 2017).

The effects of sea urchin removals were monitored at regular
intervals (i.e., 6, 12, 24, and 36 months after culling, hereafter
indicated as time [T] 1–4) by mean of video and photographic
surveys, covering a time span of 3 years (i.e., until June 2018,
Figure 1B). Before the culling treatment, all experimental sites
were surveyed in order to provide the baseline information
(T0) about the status of barren grounds in terms of average
sea urchin density, % cover of bare rock, and structure of
benthic assemblages.

Within each of the four sites (i.e., G– and G+), the average
density of sea urchins was evaluated along three transects, each
one covering a surface of 25 × 1 m and randomly located tens
of meters apart from each other. Along each transect, continuous
underwater video footage was taken by means of a digital video-
camera (Nikon Coolpix W300) held orthogonally downward at
a standard distance from the bottom. From each of the three
video transects, 10 frames (covering a sampling surface of 1 m2)
were extracted at random to assess the% cover of barrens in
the experimental sites. Since high image resolution was required
for taxonomic identification of organisms, 10 randomly located
surfaces of 16 × 25 cm were also photographed along each
transect. At each site, 30 photographic samples were taken at
each time of sampling, yielding a total of 600 observation units.
For each photographic sample, the cover of sessile organisms
was estimated under magnification by superimposing a grid
of 24 sub-quadrats on the entire photographed surface, and
final values were expressed as a percentage. Organisms that
were not easily identifiable at species level were grouped into
higher taxonomic groups or into morphological groups (see
Supplementary Table S2 for more details).

Statistical Analyses
A distance-based permutational multivariate analysis of variance
(PERMANOVA, Anderson, 2001; McArdle and Anderson, 2001)
was employed to test for differences in the structure of sessile
assemblages between culling and control sites (i.e., G– and G+,
respectively) across time. The analysis was based on Bray–Curtis
dissimilarities calculated on untransformed data, and each term
was tested using 4999 random permutations. The experimental
design consisted of four factors: Time (Ti, 5 levels, fixed),
Treatment (Tr, 2 levels, G– and G+, fixed and orthogonal),
Site (Si, 2 levels, random, and nested in Tr), and Transect (Ts,
3 levels, random, and nested in Si) with n = 10 replicates.
Significant terms relevant to the hypothesis were investigated
through post hoc pair-wise comparisons. Multivariate patterns of
variation among the four different treatment combinations were
visualized by non-metric multidimensional scaling (nMDS) of
Ti× Si(Tr) centroids.

To identify taxa contributing most to temporal differences
between culling and control sites, a canonical analysis of
principal coordinates (CAP, Anderson and Willis, 2003) was also
performed for the Ti × Tr interaction term, calculating the

distance matrix among transects in culling and control sites in
each time of sampling. Distinctness among Ti × Tr groups was
assessed using leave-one-out allocation success (Anderson and
Robinson, 2003). Individual taxa that might be responsible for
any group differences seen in the CAP plot were investigated
by calculating product–moment correlations of original variables
(taxa) with canonical axes (e.g., Anderson and Willis, 2003).
These correlations of individual variables with the two canonical
axes (r1 and r2) were then represented as lines in the CAP plot.
Taxa were included in the plot only if an arbitrarily chosen

value of correlation was exceeded (i.e.,
√
r2

1 + r2
2 ≥0.3). The same

statistic was employed on a distance matrix based on Jaccard
dissimilarities to investigate patterns of variation focusing on the
assemblage composition.

ANOVA was employed to test for differences in the number
of taxa and% cover of barren areas between culling and control
sites. ANOVA was also used to test for differences due to sea
urchin removal in the abundance of the algae and invertebrate
components of sessile assemblages. The percentage cover of
the different algal taxa was aggregated into two categories (see
Supplementary Table S2) according to their morphology and
size of thallus, i.e., <3 and >5 cm for turf-forming and erect algae,
respectively (see Guarnieri et al., 2014 and reference therein).
The same was done for invertebrates, which were grouped
into a single category because of their limited coverage across
experimental sites. Encrusting algae (e.g., Lithophyllum spp.,
Peyssonnelia spp.) were excluded from the univariate analyses
since they represent a substrate suitable for the recruitment of a
number of benthic organisms and can be considered equivalent
to bare rock (Bulleri et al., 2012). For each response variable,
univariate analyses were carried out following the same design as
for multivariate analysis. Finally, ANOVA was employed to test
for differences in sea urchin density by mean of a three-factor
experimental design: Time (Ti, 5 levels, fixed), Treatment (Tr,
2 levels, fixed and orthogonal), and Site (Si, 2 levels, random,
and nested in Tr) with n = 3 replicates. Prior to analyses, the
homogeneity of variance was examined using Cochran’s C test,
and data were transformed if necessary. All univariate analyses
were performed using GMAV version 5 software (University
of Sydney, Australia), while multivariate analyses were carried
out using the software PRIMER version 6, including the add-on
package PERMANOVA+ (Anderson et al., 2008).

RESULTS

PERMANOVA on the assemblage structure based on Bray–
Curtis dissimilarities revealed a significant Ti × Tr interaction
(Table 1), indicating an effect of sea urchin culling on the
recovery of the assemblage in barren grounds. As indicated
by pair-wise comparisons, significant differences across time
only occurred at sites where sea urchins were removed, with
clear signs of recovery 1 year (T2) after the beginning of the
experiment. By contrast, no temporal difference was detected
in the structure of assemblages within control sites, indicating
that bare conditions persisted during the whole experiment.
Temporal variations among sites according to the different
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TABLE 1 | Results of permutational multivariate analysis of variance
(PERMANOVA) testing the effect of sea urchin culling on the structure of
benthic assemblages.

Source of variation df MS Pseudo-F P(perm)

Time = Ti 4 39248 2.60 0.0068

Treatment = Tr 1 217990 9.75 0.0002

Site = Si(Tr) 2 22350 4.77 0.0190

Transect = Ts(Si(Tr)) 8 4688 3.17 0.0002

Ti × Tr 4 31110 2.06 0.0338

Ti × Si(Tr) 8 15121 2.79 0.0002

Ti × Ts(Si(Tr)) 32 5414 3.66 0.0002

Residuals 540 1481

Total 599

Pair-wise test for term Ti × Tr

G+ G–

T0 = T1 = T2 = T3 = T4 T0 = T1 6=T26=T3 = T4

T0 T1 T2 T3 T4

G+ = G– G+ = G– G+ 6= G– G+ 6= G– G+ 6= G–

Analyses were based on Bray–Curtis dissimilarities (untransformed data), and each
test was performed using 4999 permutations of appropriate units. Results of pair-
wise tests for the significant term Ti× Tr are reported below. G–, sea urchins culled;
G+, reference conditions.

treatments were portrayed in the nMDS plot (Figure 2A),
which showed a progressive segregation between culling and
control sites over time. CAP analysis showed that the observed
changes in the structure of assemblages between G– and G+
were mostly driven by changes in the abundance of macroalgae
components (Figure 2B), such as dark and green filamentous
algae (DFA and GFA, respectively), articulated corallines (AC),
A. rigida and Liagora viscida (belonging to the category of turf-
forming algae), Dictyotales, Laurencia spp. Cystoseira compressa,
P. pavonica, and Wrangelia penicillata (belonging to erect
macroalgae). By contrast, invertebrates [encrusting bryozoans
(EB) and red sponges (ERS), together with Didemnidae, the
group of calcareous tube worms (CTW), and the anthozoa
Balanophyllia europaea] and encrusting calcareous rhodophytes
(i.e., ECR and Peyssonnelia spp.), which are typical of barren
habitats, mostly contributed to differentiated assemblages within
the sites where sea urchins were not removed. Assemblage
composition did not differ over time for either control or
culling sites (Supplementary Table S3). Also, no difference
in taxon composition was detected between treatments at the
beginning and at the end of the experiment, indicating a similar
composition of assemblages at culling and control sites during the
entire duration of the experiment (Supplementary Figure S1 and
Supplementary Table S3).

ANOVA on sea urchin density detected a significant (F = 1120,
P < 0.001) effect of culling in reducing the sea urchin population
at culling sites compared to control sites. This reduction was
consistently maintained during the whole duration of the
experiment (Supplementary Table S1B). At the end of the
experiment, sea urchins at culling sites (G–) were approximately
75% less abundant than at the beginning (i.e., from 9.16 ± 1.02
to 2.30 ± 0.17 individuals m−2 at T0 and T4, respectively).
A reduction in sea urchin density was observed at G+ during the

FIGURE 2 | (A) Non-metric multidimensional scaling (nMDS) ordination of
Ti × Si(Tr) centroids on the basis of Bray–Curtis dissimilarities for the rocky
bottom assemblages. (B) Canonical analysis of principal coordinates (CAP) for
the factor Ti × Tr at the different sampling times (T0:T4). Individual taxa highly
correlated with canonical axes are shown. Abbreviations for taxa used in CAP
plots are given in Supplementary Table S2. Numbers (from 0 to 4) indicate
the sampling times. G+, control sites; G–, culling sites.

experiment, although control sites showed consistently higher sea
urchin densities than culling sites (Figure 3).

The results of ANOVA (Table 2) showed a progressive
reduction of the extent of barren grounds at culling sites through
time (Figure 4A), as indicated by the significant interaction term
Ti × Tr. No difference was detected in terms of species richness
(Figure 4B). Instead, ANOVA detected a significant increase in
total cover for both turf-forming algae and erect macroalgae
at culling sites during the experiment (Figures 4C,D). No
differences between treatments were detected for invertebrates.

DISCUSSION

The understanding of mechanisms able to drive the recovery
trajectories of barren grounds is critical for the development of
widescale management strategies aimed at reverting the state of
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FIGURE 3 | Mean sea urchin density (±SE, n = 6) recorded at each time of sampling (T0:T4). G+, control sites; G–, culling sites.

TABLE 2 | Summary of ANOVA testing the effect of sea urchin culling on species richness (no. of taxa), percentage cover of bare rock, and the three main categories
characterizing the surveyed assemblages (i.e., turf-forming algae, erect algae, and invertebrates) across time.

Source of variation df No. of taxa Barren% cover Turf-forming algae Erect macroalgae Invertebrates

F P F P F P F P F P

Ti 4 1.48 6.77 5.15 6.01 0.54

Tr 1 2.14 NS 49 * 37.61 * 28.56 * 2.23 NS

Si(Tr) 2 9.67 ** 4.01 NS 2.30 NS 5.89 * 1.62 NS

Ts(Si(Tr)) 8 3.05 4.05 4.37 3.70 3.19

Ti × Tr 4 0.46 NS 4.03 * 3.25 NS 2.59 NS 2.7 NS

Ti × Si(Tr) 8 10.35 *** 3.02 * 2.23 * 2.57 * 1.24 NS

Ti × Ts(Si(Tr)) 32 4.15 5.63 6.44 3.70 3.37

Residuals 540

Total 599

Cochran’s test (C) 0.0498 (NS) 0.0483 (NS) 0.0730 (NS) 0.0640 (NS) 0.0434 (NS)

Transformation None None None None Square root (x + 1)

Only tests relevant to the hypotheses are reported. NS, not significant; for other abbreviations, see Table 1. *P < 0.05, **P < 0.01, ***P < 0.001.

these degraded habitats (Ling et al., 2015). In addition, there
is a need to diversify restorative approaches, which could be
carried out simultaneously or sequentially in disturbed areas
(Possingham et al., 2015; McDonald et al., 2016). Assisted habitat
regeneration (sensu Elliott et al., 2007) implies human-mediated
interventions aimed at reducing the effects of specific stressors.
When combined with other forms of passive restoration (e.g.,
conservation measures), it can be considered an effective strategy
for rebuilding ecosystem resilience by enhancing the recovery
of degraded ecosystems (Suding, 2011; Possingham et al., 2015;
Geist and Hawkins, 2016).

Our study showed that, 36 months after sea urchin removal,
significant changes had occurred in the structure of benthic
assemblages as a consequence of the systematic removal activity

carried out at the target sites (Supplementary Figure S2).
A progressive contraction of barren extent was observed, with
a reduction in bare substrate of 50% at T4 (2018) in favor of
macroalgal stands. To our knowledge, this is the first large-
scale experiment demonstrating that local recovery of discrete
areas characterized by “extensive barrens” (i.e., thousands of
m2 of bare rock) within a relatively short time span can be
feasible. At the end of the experiment, two wide areas of
6000 m2 showed an overall increase in both erected and turf-
forming algae. This result supports previous evidence on the
potential of control measures aimed at reducing sea urchin
abundance in an attempt to restore the vegetative component
of overgrazed temperate rocky reefs (Ling et al., 2010; Bonaviri
et al., 2011; Tracey et al., 2015; Piazzi and Ceccherelli, 2019).
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FIGURE 4 | Average (±SE, n = 30) (A) % barren surface, (B) species richness (i.e., no. of taxa), (C) turf-forming algae, and (D) erect macroalgae over time between
experimental conditions. Black bars, reference conditions; white bars, manipulated conditions.

However, it is worth noting that the intervention was only
conducive to a shift from one alternative state to another,
without returning to the “healthy” conditions of the subtidal
rocky reefs of the Mediterranean Sea (Sala et al., 2012; Thiriet
et al., 2016). Actually, no difference was detected in the
diversity and in the overall assemblage composition between
culling and control sites, indicating that recovery trajectories
did not reflect differences in the number of taxa nor in species
composition between G– and G+. Differences were due, rather,
to the increased relative abundance of macroalgal taxa, which
were originally present in sparse, small, and isolated patches,
generally in combination with the sponge C. nucula (Guarnieri
et al., 2016). The observed increase in the algal component in
culling areas was mostly driven by short (i.e., <10 cm) thallus
species (e.g., Dictyotales, Laurencia spp., W. penicillata, and
P. pavonica). These taxa are typical of shrubland-like habitats
or turfs (Connell et al., 2014), representing the intermediate
states of temperate reef along a gradient of structural and
functional complexity ranging from canopy-forming habitats to
barren grounds (Thiriet et al., 2016). The condition reached
1 year after the initial treatment did not evolve further, as
suggested by the lack of differences between T3 and T4.
This temporal pattern supports recent concerns about the
pervasive trend of the alternative state characterized by the

dominance of turfs persisting once established, thus preventing
the recovery of highly structured macroalgal forests (Filbee-
Dexter and Wernberg, 2018). Recruitment of habitat-forming
species (i.e., Cystoseria and Sargassum species) was not observed
in the culling sites within the timeframe of the study, and the
contribution of the invertebrates to sessile assemblages, in terms
of overall abundance, was still very limited and comparable
to control sites at the end of the experiment. The observed
re-colonization pattern was consistent with the outcomes of
other studies, which stressed the importance of context in
terms of habitat arrangement (e.g., Piazzi and Ceccherelli,
2017, 2019) and water trophic status (Boada et al., 2017) in
driving the trajectories of recovery. When extensive barren
areas and the absence of patches of canopy-forming algae
combine with oligotrophic conditions, small, fast-growing, and
opportunistic algae are able to take advantage of the high free
space availability of barren grounds (Airoldi, 2000). Life history
and physiological traits allow this algal guild to outcompete,
also through vegetative regeneration, other important functional
groups. The ultimate consequence is the local disappearance
of species with complex life cycles and slow rates of growth
and recruitment, such as the majority of sessile invertebrates
(Watling and Norse, 1998; Bevilacqua et al., 2006) or the
canopy-forming species of the genus Cystoseira, which are also
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characterized by a limited spreading potential (Thibaut et al.,
2015; Piazzi and Ceccherelli, 2019).

Several feedback processes might have impaired the recovery
of sea urchin populations at culling sites. For the entire duration
of the experiment, a very low re-colonization of sea urchins
was observed, with average sea urchin density ranging from
1.25 ± 0.28 to 2.30 ± 0.17 individuals m-2 at T1 and T4,
respectively, so that no additional extensive removal of sea
urchins was required during the time span covered by the
study. The low rate of recruitment recorded after culling is a
relevant and unexpected result. It highlights the importance of
the spatial extent at which the sea urchin removal is conducted
in reducing their population numbers. Moreover, it provides
practical information about the feasibility of the intervention
because it is conducive to a significant reduction of maintenance
costs. On the other hand, this important outcome supports
the results of recent global analyses (e.g., Filbee-Dexter and
Scheibling, 2014; Ling et al., 2015) suggesting the existence of
threshold levels in sea urchin density able to reverse the process of
formation/maintenance of barren grounds (see Boada et al., 2017
for a special focus on the Mediterranean Sea).

A combination of system state-dependent stressors could
have contributed to limiting the recovery potential of the
sea urchin population and the observed long-lasting decrease
in their density in manipulated sites (Ling et al., 2015). In
particular, there is evidence that, for A. lixula (i.e., the sea
urchin species dominating the study area), the availability of
bare rock colonized by encrusting coralline algae represents
an indispensable condition for settlement and the ensuing
establishment of the high densities typical of barren grounds
(Micheli et al., 2005; Guidetti and Dulčić, 2007; Privitera
et al., 2011). Specific morpho-functional traits, proper to the
species, make it particularly adapted to this type of habitat as
compared to the co-occurring species (i.e., P. lividus) inhabiting
Mediterranean shallow rocky reefs (Agnetta et al., 2013). Based
on studies conducted in other areas of the Mediterranean Sea
(e.g., Bulleri et al., 1999; Gianguzza et al., 2010; Privitera et al.,
2011; Bonaviri et al., 2012), it is likely that the observed increase
in algal coverage may have affected, both directly and indirectly,
the processes occurring at the immediate post-settling stage, thus
representing an important control of sea urchin populations in
the manipulated areas: firstly, because of the development of
unsuitable conditions for the settlement of sea urchins (Bulleri
et al., 1999; Gianguzza et al., 2010; Privitera et al., 2011) and,
also, by exposing settlers to higher predation rates as a result
of a likely increase in mesofauna (e.g., decapod crustaceans)
associated with macroalgal beds (Bonaviri et al., 2012). In
addition, the intense hydrodynamism characterizing exposed
rocky coasts further contributed to exacerbating the effects of the
experimental treatment, given the high vulnerability of sea urchin
juveniles to dislodgement (Guidetti and Mori, 2005). Finally,
since adults can play a crucial role in reducing predation rates on
juveniles through refuge provisioning (Zhang et al., 2011; Hereu
et al., 2012; Clemente et al., 2013) or mesopredator consumption
(Bonaviri et al., 2012), the survival of juveniles may also have been
compromised by the extreme reduction of conspecific adults, as a
direct consequence of the culling intervention.

Unfortunately, the lack of detailed information on potential
variations in the background environmental conditions (e.g.,
thermal regime, spread of pathogens) during the experiment
follow-up limits our understanding of the cause and effect
relationships governing the population dynamics, at a local
scale, beyond culling intervention. Since, in the control areas,
a significant but slight reduction of sea urchin densities was
also observed along the 3 years of the experiment, long-term
investigations (at regional scale) in other areas historically
characterized by the presence of barren grounds are necessary.
Information on the size distribution of sea urchin populations
should also be obtained to provide additional information
about recruitment dynamics. This would allow the recovery
intervention to be framed in a wider context, as well as taking
into account a combination of acute or chronic environmental
stressors, mostly related to climate change, such as intensified
storms (Hereu et al., 2012; Medrano et al., 2019), and/or diseases
(Privitera et al., 2012), which could play a crucial role in affecting
the outcomes of culling interventions and associated costs.

There is wide consensus that coastal overgrazed habitats
in shallow rocky reefs can represent an opportunity for
the development and implementation of proactive restoration
measures (Filbee-Dexter and Scheibling, 2014; Ling et al., 2015;
Boada et al., 2017), even though the hysteresis effect governing
the persistence of barren grounds might challenge the success
of the interventions. This recognition stems from the general
availability of baseline information related to causes (i.e., driving
forces), tipping points, life history, and functional traits of species
triggering the shift to and the maintenance of the degraded state
typical of barren grounds. To date, the recovery of prey–predator
interactions through the establishment of fishing restrictions
(e.g., MPA) and/or the selective harvesting of sea urchins (Hill
et al., 2003; Guidetti, 2006; Watanuki et al., 2010; Medrano et al.,
2019) have been demonstrated to have the potential to revert
the barrens into vegetated habitats. However, the effectiveness
of these strategies could be compromised in sites where barren
grounds are too extensive and/or environmental constraints (e.g.,
oligotrophic nutrient regimes, limited larval supply, high sea
urchin recruitment rates) favor their persistence (e.g., Sanderson
et al., 2015; Guarnieri et al., 2016). We demonstrated that
sea urchin culling in the shallow subtidal zone represents
a promising approach, thus supporting previous attempts in
this direction in other geographic areas (i.e., Tracey et al.,
2015). Our study also stressed that the success of restoration
actions should be evaluated at adequate spatial scales to match
the scale of disturbance leading to habitat degradation. This
need is crucial also when considering shared targets aimed at
halting or reversing widespread trends of biodiversity loss and
habitat degradation (EU, 2011 [Target 2]; CBD, 2014 [Target
15]) through the restoration of at least the 15% of degraded
ecosystems by 2020, and the recent commitments of the UN on
ecosystem restoration in the next decade2.

Taking into account that in the Mediterranean Sea the
occurrence of barren grounds is expected to increase

2https://undocs.org/pdf?symbol=en/A/RES/73/284
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(Gianguzza et al., 2011), we anticipate that the results of
the present study could represent a starting point for the
implementation of long-term interventions carried out at large
scale, to be adopted in areas affected by similar conditions. MPAs
represent eligible sites where this type of intervention should be
prioritized. However, complementary interventions, such as the
transplantation of species with a critical ecological role, should
be planned to enhance the restoration of shallow rocky reefs,
considering the widely recognized importance of these habitats
for the functioning of coastal ecosystems.
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